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Power Systems Considerations for Solar System Exploration

A When missions to destinations would encounter

A Inadequate sunlight
A Be insensitive to amount of sunlight
A Harsh or unknown space environmental conditions

A Have little sensitivity to temperature, radiation and other space
environmental effects.

A Operational requirements that make other electrical power
systems infeasible

A Generate continuous power level with known operations
conditions

A Extend science operations for small probes (smallsat,
cubesat) when compared with primary battery-only system
architectures

U Desirable for autonomous, long duration operations in the
most extreme environments in space and on planetary
surfaces and subsurface ocean
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Current Situation

A Current power system options are limiting the overall science return for
planned missions, as well as the proposed increased cadence of
missions to the solar system

A Severe limitations of science mission architectures for surface and
subsurface oceans that cannot be relied on solar or battery power

A The very large solar array sizes or massive battery sizes are not feasible for
a surface and subsurface exploration mission.

A The surface of the moon typically limits solar-powered missions to durations
of 2 weeks.
A Nuclear power systems tend to be expensive

A Surface or subsurface exploration operations in extreme space
environments even in the very hot or very cold conditions found on some
planetary destinations where solar power is not available or not practical
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Ocean Worlds Exploration

A The search for life in the solar system is one of the preeminent goals of
planetary science
ANASAGs Network for Ocean Worlds recor
planetary ocean

A The most promising candidates for habitable environments are the subsurface
oceans of the Oceans Worlds, with those of Europa, Enceladus, and Titan
being the most likely to host potential past or extant life

A Ultimate goal for Ocean Worlds exploration is in situ exploration of the
subsurface oceans and their interfaces
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Ocean Worlds Science

distribution of volatiles in the solar system.
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The 2013-2022 Decadal Survey in planetary science establishes Ocean Worlds as
one of the highest priority targets for understanding the emergence of life and the

The NASA Astrobiology Institute (NAI) Astrobiology Strategy for the Search for Life in
the Universe and the NASA Roadmap to Ocean Worlds identify the in situ exploration

Six bodies are identified as known ocean worlds, including Earth, and ~10s more

Lander concepts have already been proposed to Europa, Enceladus, Titan, and
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Proposed Ocean Worlds Mission Concepts
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Europa Lander
Battery powered E
pre-Phase A flagship

NF4 Plume flythrough (RTG or solar)

Enceladus Life Finder (ELF)
nceladus Life Signatures and
Habitability (ELSAH)

NF4 Solar titan orbiter.
E o .
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Oceanus

Future Concepts include

Trident

Pre-

Discovery RTG powered Triton flyby.

Ice shell vent explorers (battery or
RPS) and RPS
cryobots/meltprobes
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Small Satellites for NASA Science

A The emergence of CubeSat/SmallSat technology is pointing the way to:

A Recognize the importance of small satellites as an enabler to do science that is
otherwise not achievable - low cost, but high capability to yield science returns

A Examine low-cost, low-mass, and long-lived applications as a part of a wider study
of standalone, piggy-backed, and landed missions that may not be feasible with
currently available power options

A The solar system beyond Mars will prove very challenging to the use of such
small vehicles without advanced power systems

A Solar power in the outer solar system requires very large arrays

A Thermal management in the outer solar system is prohibitively power-expensive

A Small Spacecraft Coordination Group is formed to advise the Science, Space
Technology and Human Explorations and Operation Mission Directorate
Associate Administrators on strategy to guide cross-agency initiatives, policies,
and programmatic scope.
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Over 110 NASA SmallSat Missions Planned or Operating
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DISTANC
E

MERCURY VENUS MOON MARS ASTEROIDS JUPITER SATURN URANUS NEPTUNE KUIPER BELT
SOLAR SOLAR SOLAR SOLAR SOLAR SOLAR SOLAR SOLAR SOLAR SOLAR
AOrbiters AOrbiters AOrbiters AOrbiters ASample Return  AOrbiters AFlyby sic Not likely to Not likely to Not likely to
ALanders AUpper Atmosphere  ALanders AlLanders AFlybys/Tours AFlybys AOrbiters be practical be practical be practical
ARovers Probes* ARovers ARovers AOrbiters

ASurface Probes** ALanders RPS RPS RPS RPS RPS
RPS RPS RPS AHigh capability AHigh-capability AOrbiters AOrbiters AOrbiters
APolar Landers RPS APolar ALong-lived Polar RPS Aorbiters orbiter AFlybys AFlybys AFlybys
ALong-lived ACurrent RPS not Landers Lander AMay be ALong-lived moon ARing observer ALong-lived ALanders
Landers operable in Venus ALong-lived ALong-lived, high necessary for landers ATitan Montgolfier BATTERIES Triton
surface Landers capability rovers Trojan asteroids ALong-lived surface AAtmospheric Lander BATTERIE
BATTERIES environment BATTERIES mission probes S
Ashort-lived BATTERIES BATTERIES BATTERIES AAtmospheric BATTERIES AShort-
Landers BATTERIES AShort-lived AShort-lived AShort-lived Probes BATTERIES AAtmospheric Lived
AAtmospheric Landers surface missions  surface missions AShort-lived AAtmospheric probes landers
probes landers probes
ASurface Missions Ashort-lived surface
*requires technology development for solar cells in corrosive environment missions
**requires technology development for high temperature
POWER TECHNOLOGIES APPLICABLE TO SOLAR SYSTEM EXPLORATION MISSION CONCEPTS AS OF Solar Approximate relative
20151 (1) Notional mission applicability based on expert opinion developed in JPL A-Team study in August, 2015 = RpS applicabifity of ower

technologies to target

December 2, 2020 Pre-Decisional Information 8 For Planning and Discussion Purposes Only Primary Battery pody missions



Spacecraft Missions Potentially Enabled by Very Small RPS

Required | Mission Image | Mission | Target Required | Mission | Image | Mission | Target
Power Concept Type Power Concept Type

2-20 mW, Long-Term Deployed Mars Martian 16 rovers Mars
Weather in-situ Cave
Monitoring payloads Explorer
1.5wW
40 mW, Asteroid Deployed  Near ° Magneto- 16 Uranus,
Beacon in-situ Earth sphere SmallSat Neptune
payload Asteroids Fleet orbiters
80 mW, Long-lived 4+ hard Moons, I(_Bl:arcl)eghys I Moon
Penetrator landers comets, Network
asteroids 10 W
€ Pluto Lander Pluto
100 mW, Surface Deployed  Mars Lander
Monitoring in-situ
payloads 15W, Long- Orbiter Comet
period
1-2W, Mini- Small Any cave Comet
Spelunker rover Observer
Rover 20 W, Titan Drones Titan
Quad-
copters
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Spacecraft Missions Potentially Enabled
by Small (25-100 W,) RPS

Required Mission Image Mission Target Required | Mission Image Mission Target
Power Concept Type Power Concept Type

Venus Aerobot Venus Small Rover Moon,
10-25 W,  Aerobot Rover o Mars, Titan,
Venus, etc.
Lander Lander Various 25 - 50W Mars Moon Rover Mars
(Soft: <40g; (Lunar ¢ Rover moons
Medium: [Soft/ (Phobos/
40-600g; Medium]; Deimos)
Rough: E.u ropa, S0W, Enceladus Flyby Enceladus
> 600- Titan; et SmallSat
10-50 W, 5000g) al)
Sub- Sub- Various 60W, Lunar 4 Landers  Moon
satellite satellite Geophys.
Network
Titan Amphibious  Various
Amphib- rover Z0W Elvb hi
ious Rover OW, g;rgﬁ;;t yby Chiron
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